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X‐ray photoelectron spectroscopy (XPS) is an essential analytical tool in surface science and materials research, providing information about surface chemistry and composition. The first observation of chemical shifts between Cu atoms in metallic and oxidized state,[1](#cphc201700126-bib-0001){ref-type="ref"} followed by a report on a S 1s peak split in the photoelectron spectrum of sulfur atoms in thiosulfate,[2](#cphc201700126-bib-0002){ref-type="ref"} shortly after, carbon atoms in 1,2,4,5‐benzenetetracarboxylic acid,[3](#cphc201700126-bib-0003){ref-type="ref"} and the whole range of N‐containing organic molecules,[4](#cphc201700126-bib-0004){ref-type="ref"} laid grounds for chemical analysis by electron spectroscopy (ESCA).[5](#cphc201700126-bib-0005){ref-type="ref"}, [6](#cphc201700126-bib-0006){ref-type="ref"} The unambiguous bonding assignment relies, however, on the correct measurement of binding energy (BE) values. This is often a nontrivial task because of the lack of an internal BE reference.[7](#cphc201700126-bib-0007){ref-type="ref"} During the XPS experiments the negative charge continuously removed from the surface region as a result of a photoelectric effect has to be replenished with a sufficiently high rate to preserve charge neutrality. If this condition is not fulfilled, the surface acquires positive potential, which decreases the kinetic energy of escaping photoelectrons, and in consequence leads to the apparent shift of all core level peaks towards higher BE; the phenomenon commonly referred to as *charging*. Since the specimen\'s charging state is not known a priori, the problem with correct BE referencing arises for the vast majority of samples. The natural zero of the BE scale exists only for specimens, in which the density of states (DOS) exhibits a well‐defined cut‐off at the Fermi energy *E* ~F~, the so‐called Fermi edge, as is the case for metals in which high conductivity ensures Fermi level alignment between the sample and the spectrometer. All other samples that lack an internal BE reference present a serious challenge, which is reflected by a large spread of reported BE values for the same chemical state.[8](#cphc201700126-bib-0008){ref-type="ref"} Some examples include TiO~2~ with the reported Ti 2p~3/2~ and O 1s peak positions varying from 458.0 to 459.6 eV, and from 529.4 to 531.2 eV, respectively. In a similar way, for Si~3~N~4~, Si 2p and N 1s peaks have been reported at BE varying from 100.6 to 102.1 eV, and 397.4 to 398.6 eV, respectively.[8](#cphc201700126-bib-0008){ref-type="ref"} It is highly disturbing that after more than 50 years of development, the BE of constituting elements in many technologically relevant materials is accessed with an accuracy that is not better than the magnitude of typical large chemical shifts of the order of 1 eV, much larger than the instrument resolution at 0.1 eV (or less), which makes the bonding assignment ambiguous, often leading to an arbitrary spectra interpretation and contradicting results.

The situation is worsened by the fact that the use of a natural BE reference such as the Fermi edge in the case of conducting samples, is not at all common. This is again reflected by the spread of reported BE values, not as large as for insulators, yet significant enough to often prevent correct bonding assignment. For example, in the case of transition‐metal (TM) nitrides, which exhibit pronounced DOS at the Fermi level and, hence, metallic‐like conductivity, reported BE values for core level signals often differ by more than 1 eV; the Ti 2p~3/2~ core level of TiN varies from 454.77 to 455.8 eV, whereas the position of the N 1s peak changes by 0.9 eV for TiN, and 1.2 eV for ZrN, MoN, and NbN.

It has become a common procedure to use the C 1s signal from the adventitious carbon (AdC) layer present on the vast majority of surfaces following air exposure, as a BE reference. To calibrate the BE scale the C−C/C−H peak of AdC is deliberately set at 284.0--285.2 eV and all core‐level spectra are aligned accordingly.[9](#cphc201700126-bib-0009){ref-type="ref"} The method was first proposed by Siegbahn et al.[6](#cphc201700126-bib-0006){ref-type="ref"} in the early days of XPS applications and was originally based on the observation that the AdC layer is present on all air‐exposed surfaces with the C 1s line as it appeared constant at 285.0 eV, which made it an ideal candidate for BE referencing.[10](#cphc201700126-bib-0010){ref-type="ref"} Soon after, however, the claim was dropped, as it became clear that the C 1s BE in practice varies with the thickness of the hydrocarbon layer by as much as 0.6 eV for Pd and Au substrates.[11](#cphc201700126-bib-0011){ref-type="ref"}, [12](#cphc201700126-bib-0012){ref-type="ref"} In the review of existing literature published in 1982, Swift concluded that "although the use of C 1s electrons from adventitious carbon layers is often a convenient method of energy referencing, interpretation of binding energy data obtained should be treated with caution".[9](#cphc201700126-bib-0009){ref-type="ref"} In the following years, problems with using the C 1s peak for BE referencing accumulated. For example, Werrett et al. reported inconsistent results when referencing to C 1s of AdC during studies of oxidized Al‐Si alloys, which was due to the oxidation of AdC,[13](#cphc201700126-bib-0013){ref-type="ref"} whereas Gross et al. showed that the Au 4f signal from gold particles deliberately deposited on amorphous SiO~2~ provides more reliable BE reference than C 1s.[14](#cphc201700126-bib-0014){ref-type="ref"} More recent examples indicate that the issue of correct referencing of XPS spectra remains unresolved,[15](#cphc201700126-bib-0015){ref-type="ref"}, [16](#cphc201700126-bib-0016){ref-type="ref"} which contrasts with the fact that the method based on adventitious carbon is widely adopted.

Our literature review shows that in 58 of the first 100 top‐cited papers dealing with XPS studies of magnetron sputtered films published between 2010 and 2016 in peer‐reviewed journals, C 1s of AdC was used as a BE reference,[17](#cphc201700126-bib-0017){ref-type="ref"} whereas, alarmingly, the remaining papers lack information about any referencing method used. Within the first group, the C 1s peak was set quite arbitrary at the BE, varying from 284.0 to 285.2 eV (here we disregard two extreme cases of 283.0 and 298.8 eV). This serious inconsistency easily accounts for the large spread of reported BE values for the same chemical species (see examples above), and contradicts the notion of the BE reference, which per definition should be associated with one single energy value (as was originally intended in ref. [6](#cphc201700126-bib-0006){ref-type="ref"}).

Here, we examine the reliability of using AdC for XPS BE referencing by measuring the position of the C 1s peak for a series of TM nitride thin‐film layers that exhibit a well‐defined Fermi edge cut‐off serving as an internal BE reference. Measurements are performed as a function of the AdC layer thickness, which scales with the air exposure time. We show that the BE of the C 1s peak of AdC measured with respect to the Fermi edge $E_{B}^{F}$ varies by as much as 1.44 eV, from 284.08 eV in the case of MoN to 285.52 eV for a HfN sample. This is a factor of 10 more than the typical resolvable difference between two chemical states of the same element, which makes the energy referencing against the C 1s peak of AdC highly unreliable. Moreover, we demonstrate that the position of the C 1s peak of AdC closely follows changes in sample work function $\phi_{SA}$ , assessed here by ultraviolet photoelectron spectroscopy (UPS), in such a way that the sum $E_{B}^{F} + \phi_{SA}$ is essentially constant at 289.50±0.15 eV, which corresponds well to the gas‐phase BE value of longer alkanes lowered by the intermolecular relaxation energy. This indicates that C 1s aligns to the vacuum level $E_{VAC}$ , and implies that its BE is steered by the sample work function. Clearly, the C 1s of AdC cannot be used for reliable BE referencing of XPS spectra in a conventional way, unless a complementary measurement of $\phi_{SA}$ is performed and C 1s is set at 289.50−$\phi_{SA}$ . We show that this approach results in a considerably better accuracy of chemical state determination as compared with the status quo.

The ubiquitous nature of AdC has been analyzed in detail by Barr et al.,[18](#cphc201700126-bib-0018){ref-type="ref"} who concluded that it predominantly consists of polymeric hydrocarbon species (C−C/C−H), together with a minor component (10--30 % of the total signal intensity) due to carbooxides containing C−O−C and O−C=O bonds. Indeed, a set of C 1s core level spectra acquired from (TM)N surfaces in the as‐received state (see Figure [1](#cphc201700126-fig-0001){ref-type="fig"}) reveals that carbon is present in several chemical states almost on every surface analyzed. In all cases, however, the spectra are dominated by the aliphatic carbon C−C/C−H peak, whereas C−O−C and O−C=O contributions present at higher BE appear in much lower concentrations. Clearly, there is a substantial change in the C 1s spectra appearance depending on the (TM)N studied. Not only do the number of component peaks change (e.g., no O−C=O peak is observed in the present case of WN and MoN), but, more importantly, the BE of the dominant C−C/C−H peak, measured with respect to the Fermi level of the spectrometer $E_{B}^{F}$ , exhibits large variation: from 284.08 eV in the case of MoN surface to 285.52 eV for HfN, as summarized in Table [1](#cphc201700126-tbl-0001){ref-type="table-wrap"}. The 1.44 eV change in the position of the C 1s peak is certainly disturbing, as one would clearly expect the BE of carbon species present in the same chemical state to be independent of the underlying substrate, especially if used for referencing XPS spectra.

![C 1s XPS spectra of adventitious carbon obtained from as‐received air‐exposed (ca. 10 min.) polycrystalline (TM)N thin films, where TM=Mo, V, W, Ti, Cr, Nb, Ta, Zr, and Hf, grown by magnetron sputtering on Si(001) substrates.](CPHC-18-1507-g001){#cphc201700126-fig-0001}

###### 

Binding energies relative to Fermi level $E_{B}^{F}$ for all component peaks in C 1s spectra together with work function values $\phi_{SA}$ obtained from polycrystalline (TM)N thin films in the as‐received state, where TM=Mo, V, W, Ti, Cr, Nb, Ta, Zr, and Hf.

   (TM)N  C 1s BE relative to Fermi level, $E_{B}^{F}$ \[eV\]   ΔBE C~C−O~−C~C−C~   ΔBE C~O−C=O~−C~C−C~   Work function \[eV\]          
  ------- ----------------------------------------------------- ------------------- --------------------- ---------------------- ------ ------
    TiN   284.52                                                286.24              289.06                1.72                   4.54   4.90
    VN    284.15                                                285.96              288.51                1.81                   4.36   5.16
    CrN   284.60                                                286.14              288.56                1.54                   3.96   4.83
    ZrN   285.49                                                287.21              289.54                1.72                   4.05   4.09
    NbN   284.76                                                286.52              289.18                1.76                   4.42   4.65
    MoN   284.08                                                285.76              --                    1.68                   --     5.35
    HfN   285.52                                                287.17              289.75                1.65                   4.23   4.00
    TaN   285.08                                                286.75              289.39                1.67                   4.31   4.41
    WN    284.22                                                285.73              --                    1.71                   --     5.23
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The C 1s contribution due to C−O also shifts from sample to sample, from 285.76 eV for as‐received MoN to 287.21 for ZrN (1.45 eV difference), essentially following the C−C/C−H peak, so that the relative BE difference Δ(C~C−O~−C~C−C~) is nearly constant at 1.70±0.13 eV (cf. Table [1](#cphc201700126-tbl-0001){ref-type="table-wrap"}). The BE of the O−C=O peak does not follow the shifts observed for all other C 1s contributions, which is best seen by comparing the C 1s spectra recorded from TiN and CrN surfaces, see Figure [1](#cphc201700126-fig-0001){ref-type="fig"}, and varies from 288.51 eV for VN to 289.75 eV for HfN (1.24 eV difference). Some C 1s spectra (TiN, ZrN) possess also an extra contribution at significantly lower BE (282.0--282.5 eV), which is assigned to carbide formation during film growth,[19](#cphc201700126-bib-0019){ref-type="ref"} and as such is of minor importance for this work.

The amount of AdC that accumulates on the surface of (TM)N films exhibits a steady increase with the air exposure time, as illustrated in Figure [2](#cphc201700126-fig-0002){ref-type="fig"}, in which surface C concentrations are plotted for all nitride samples in the time span from 10 minutes to 7 months. Even though the percentage amount of AdC varies somewhat between different samples, the accumulation rate is essentially the same and amounts to ca. 5 at % per decade. The corresponding evolution of $E_{B}^{F}$ of the dominant C−C/C−H C 1s peak of AdC with air exposure time is shown in Figure [3](#cphc201700126-fig-0003){ref-type="fig"} (a). Interestingly, even though there is a certain variation in C 1s $E_{B}^{F}$ for each materials system (rather random and not exceeding 0.5 eV), a large spread in BE of the C 1s peak observed for samples in the as‐received state persists for layers that were sputter‐cleaned and subsequently exposed to ambient atmosphere for time periods varying from 10 minutes to 7 months. Thus, we can conclude that the template dependence of C 1s BE takes place irrespective of the amount of accumulated adventitious carbon. We note also that changes in the BE′s of the intrinsic core level signals (metal and nitrogen peaks) during prolonged air exposure are lower than 0.1 eV.

![Surface carbon concentrations plotted as a function of air exposure time for polycrystalline (TM)N thin films, where TM=Mo, V, W, Ti, Cr, Nb, Ta, Zr, and Hf, grown by magnetron sputtering on Si(001) substrates.](CPHC-18-1507-g002){#cphc201700126-fig-0002}

![a) Binding energy of the C−C/C−H peak in the C 1s spectra of adventitious C referenced to Fermi level $E_{B}^{F}$ , b) work function obtained by UPS from the secondary electron cut‐off $\phi_{SA}$ , and c) C 1s BE referenced to Vacuum level $E_{VAC}$ for a set of polycrystalline (TM)N thin films, where TM=Mo, V, W, Ti, Cr, Nb, Ta, Zr, and Hf, grown by magnetron sputtering on Si(001) substrates. The dashed curves in (a) and (b) are only for eye guiding to emphasize the symmetry between the plots.](CPHC-18-1507-g003){#cphc201700126-fig-0003}

To address the issue of C 1s shifts, we first obtain a reliable evaluation of the charging state of the actual (TM)N film. To do this, we record DOS in the vicinity of the Fermi edge (Fermi level cut‐off). Electrons close to *E* ~F~ possess the highest kinetic energy of all excited photoelectrons (essentially equal to $h\nu - \phi_{SA}$ ), which results in relatively long mean free path *λ*, from to 18 to 24 Å.[20](#cphc201700126-bib-0020){ref-type="ref"} In consequence, the XPS probing depth, given by 3×*λ*, well exceeds the thickness of the AdC layer, which is in the range 4.5--9 Å. This, together with the fact that adventitious carbon being a wide band gap material does not possess DOS near *E* ~F~,[18](#cphc201700126-bib-0018){ref-type="ref"} implies that the spectral intensity in this region is solely determined by the TM(N). Figure [4](#cphc201700126-fig-0004){ref-type="fig"} (a) shows the Fermi level cut‐off for all TM(N) samples in the as‐received state, as measured. In all cases, the rapid drop in DOS coincides with "0" of the BE scale, which is indicative of a Fermi level alignment between sample and the spectrometer. This proves that a good electrical contact is established to the instrument and excludes any possibility of charging in the (TM)N layer.

![The portion of the valence band spectra in the close vicinity of the Fermi level E~F~ indicating the Fermi level cut‐off for as‐received polycrystalline (TM)N thin films, where TM=Mo, V, W, Ti, Cr, Nb, Ta, Zr, and Hf, grown on Si(001) substrates: a) as measured (referencing to *E* ~F~), and b) aligned by using the common procedure of referencing to C 1s peak of adventitious carbon set at 284.5 eV.](CPHC-18-1507-g004){#cphc201700126-fig-0004}

The fact that C 1s shifts (cf. Figure [1](#cphc201700126-fig-0001){ref-type="fig"}) while the Fermi edge from the underlying (TM)N film appears at "0" eV (Figure [4](#cphc201700126-fig-0004){ref-type="fig"} (a)) clearly indicates *decoupling* of the measured energy levels of adventitious carbon from the Fermi level of the underlying substrate and, hence, spectrometer. The implications for BE referencing that employs the C 1s peak are severe. If, as commonly practiced, one would align all recorded spectra by setting the C−C/C−H peak of AdC at 284.5 eV, the highest portion of the valence band spectra recorded from (TM)N appears as shown in Figure [4](#cphc201700126-fig-0004){ref-type="fig"} (b). Contrafactory, some specimens (TiN, VN) would exhibit no DOS at *E* ~F~ despite their metallic character, whereas for other films (HfN, ZrN, and TaN) such calibration of the BE scale results in a non‐zero DOS above the Fermi level. These examples demonstrate that the common procedure of referencing to the C 1s level set at the arbitrary chosen BE value within the range, 284.0--285.2 eV, is not justified because it leads to unphysical results. The latter is not realized if dealing with core level spectra, in which case shifts in peak positions by ±1 eV do not lead to such clear contradictions.

To gain more insight into the energy level alignment at the AdC/(TM)N interface, we perform measurements of sample work function $\phi_{SA}$ in the same instrument; that is, without breaking the vacuum. As summarized in Figure [3](#cphc201700126-fig-0003){ref-type="fig"} (b), in which sample work function is plotted for all TM(N) layers in the order of an increasing TM mass, and for various amounts of air exposure time, $\phi_{SA}$ exhibits large apparent variations, that in the case of as‐received samples range from 4.00 eV for HfN to 5.35 eV for MoN. More importantly, a direct comparison to the $E_{B}^{F}$ values shown in Figure [3](#cphc201700126-fig-0003){ref-type="fig"} (a) reveals that the trend in work function closely correlates to that observed for the C 1s peak of AdC, such that the sum $E_{B}^{F} + \phi_{SA}$ remains constant for all samples, irrespective of air exposure time at 289.50±0.15 eV (see Figure [3](#cphc201700126-fig-0003){ref-type="fig"} (c)). This implies that C 1s aligns to the vacuum level $E_{VAC}$ ,[21](#cphc201700126-bib-0021){ref-type="ref"}, [22](#cphc201700126-bib-0022){ref-type="ref"} rather than to the Fermi level, as is implicitly assumed when using this peak for BE referencing. Hence, the position of the C 1s peak measured with respect to *E* ~F~ is steered by the substrate work function, which disqualifies this signal as a reliable reference, unless a complementary measurement of $\phi_{SA}$ is performed and spectra are aligned to C 1s set at 289.50−$\phi_{SA}$  eV. The position of the C 1s C−C/C−H peak referenced to $E_{VAC}$ , 289.50 eV, corresponds very well with the gas‐phase value of 290.15 eV measured for longer alkanes by Pireaux et al.,[23](#cphc201700126-bib-0023){ref-type="ref"} compensated for the intermolecular relaxation energy due to electronic and atomic polarization of the neighboring molecules surrounding the core hole, which is typically of the order of 1--3 eV.[24](#cphc201700126-bib-0024){ref-type="ref"}

The vacuum level alignment is characteristic of a weak interaction at the interface to the substrate and is regularly observed for organic films deposited on metals by using ex‐situ techniques (e.g. spin coating) in the absence of both charge transfer across the interface and interface dipole formation.[25](#cphc201700126-bib-0025){ref-type="ref"} Such contacts remain within the Schottky--Mott limit, in which the electronic levels of the adsorbate are determined by the work function of the substrate.[26](#cphc201700126-bib-0026){ref-type="ref"} As a matter of fact, the process of AdC adsorption is also classified as physical,[18](#cphc201700126-bib-0018){ref-type="ref"} because the principal species (hydrocarbons) are not chemically reactive and can be readily desorbed by a gentle anneal in vacuum.[27](#cphc201700126-bib-0027){ref-type="ref"} In the present case, the potential interaction between AdC species and (TM)N film is further suppressed by the presence of a native oxide layer.

Our findings are schematically summarized in Figure [5](#cphc201700126-fig-0005){ref-type="fig"}, in which the relevant energy levels and critical parameters are indicated for (a) a low work function sample, and (b) a high work function sample. Independent of $\phi_{SA}$ we find that the Fermi level cut‐off of (TM)N aligns with that of the spectrometer (which is established during the calibration procedure), whereas the BE of C 1s from adventitious carbon $E_{B}^{F}$ closely follows the changes in $\phi_{SA}$ . Since $\Delta E_{B}^{F} \cong \Delta\phi_{SA}$ , the position of the C 1s peak with respect to the vacuum level, $E_{B}^{F} + \phi_{SA}$ , remains constant at 289.50±0.15 eV. This agrees with a common‐sense notion of constant energy levels associated with C atoms present in the same chemical environment and provides grounds for more reliable referencing of the XPS spectra.

![Schematic illustration of the energy level alignment at the interface between adventitious carbon layer and a) the low work function substrate, and b) the high work function substrate. For all tested samples the sum of $E_{B}^{F}$ and $\phi_{SA}$ is constant, which is indicative of vacuum level alignment.](CPHC-18-1507-g005){#cphc201700126-fig-0005}

In conclusion, we established by using a series of TM nitride thin‐film layers covered with a few monolayers of adventitious carbon (AdC), that the BE of the C 1s peak of AdC measured with respect to the Fermi edge $E_{B}^{F}$ depends on the substrate, and varies from 284.08 eV for MoN to 285.52 eV for the HfN sample in the as‐received state. This wide spread in C 1s peak position is independent of the time samples are exposed to ambient atmosphere, hence of the AdC layer thickness. This disturbing result shows that the commonly used referencing of XPS spectra against the C 1s peak of AdC is unreliable. Moreover, we demonstrate that the C 1s signal closely follows the variation of sample work function $\phi_{SA}$ , such that the sum $E_{B}^{F} + \phi_{SA}$ is constant at 289.50±0.15 eV, indicating alignment to the vacuum level. Thus, the position of the C 1s peak from AdC layer is decoupled from the instrument Fermi level and is steered by the sample work function, and as such cannot be used for reliable BE referencing of XPS spectra. A possible remedy here is a complementary measurement of $\phi_{SA}$ and referencing to C 1s set at 289.50−$\phi_{SA}$ , which, as we demonstrate, yields consistent results for the whole series of TM nitrides, irrespective of air exposure time. Conclusions from this work are not limited to nitrides and likely apply to all substrates that exhibit weak interaction towards AdC.
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